I. Introduction
This paper is aimed at an audience of semiconductor detector makers and those interested in the science and applications of these detectors. Those of us fortunate enough to have been members of this community in the 1960's recognize the unique contributions made by our detector art to the unravelling of nuclear structure. Since that time, germanium detectors have continued to play a vital role in a wide variety of research applications both in the laboratory and in space, and have also assumed a practical role in monitoring applications, in such areas as well-logging and resource exploration, and in a broad range of practical applications such as activation analysis. Silicon detectors have followed a parallel path, with initial research applications being followed by large scale application to x-ray fluorescence analysis.
Based on these practical applications, a large industry has grown and prospered.
A very important research application for these detectors has now come to light. Theoretical physicists have devoted great effort in developing an adequate theory to link three of the four forces of nature (weak, electromagnetic and strong forces). This work has produced Grand Unified Theories (GUT) which must stand the test of experiments. There also has been considerable discussion concerning the "missing mass" in the universe, whether adequate mass exists in the universe to make it closed (i.e., it will eventually collapse) or open (i.e., infinitely expanding). Recent theoretical studies and observations of the stability of galaxies have strongly indicated the presence of large amounts of invisible mass in these objects. One element in the uncertainty associated with the missing mass is the question whether the neutrino has rest mass. These two questions are among the most important in physics today. A better understanding of the nature of the neutrino could provide desired answers. This paper will discuss the underlying theory and a germanium detector experiment which could make a striking contribution to the resolution of these questions.
II. Double Beta Decay
Before discussing the phenomenon of sa decay a few words about normal (single) beta decay are in order. The emission by a nucleus of a single electron accompanied by an electron antineutrino (usually given, the symbol ve) is a well known process that is thoroughly understood theoretically. The process involves conversion of a neutron in the nucleus to a proton with a change of +1 in the charge Z of the nucleus. Sharing of energy between the electron (8-particle) and the neutrino results in a distribution of electron energies having the shape described by the Fermi theory. The end point energy corresponds to the change in mass involved in restructuring the nucleus and creating the electron. Thus, for example, 32p (mass excess -24.303 MeV) decays by emission of an electron whose end point energy is 1.710 MeV, forming 32S (mass excess -26.013 MeV). The end point energy and the shape of the energy distribution in its vicinity is sensitive to neutrino mass and measurement of this shape is being exploited to determine the neutrino mass.
For o decay to occur, the daughter nucleus (e.g., 32S) must be more tightly bound than the parent (e.g., 32p). The decay rate (and therefore the half life of the parent nucleus) depends on the energy involved in the transition, on the matrix elements for the two nuclei and on quantum number selection rules. For our present purpose, we emphasize that the transition must be energetically possible.
For reasons that will become evident as we proceed, we illustrate in Fig. 1 a small region of the Chart of the Nuclides in the region Z -32 and atomic weight A -76. In this diagram, stable nuclides are shown shaded. Beta decay proceeds along diagonal lines from bottom right to top left. Positron emission or electron capture causes the opposite movement. Nuclear theory permits calculation of the binding-energy of various combinations of protons and neutrons that constitute nuclei. Figure 2 shows the calculated binding energy parabolas for atomic weights A = 74, 75 and 76. As stated earlier, nuclear transitions are only energetically possible where the final nucleus is more tightly bound than its parent. For example, looking at the A = 74 curves, 74Ga can decay by a-(electron) emission to 74Ge and 74As can decay by + (positron) emission to 74Ge, the most stable nucleus for A = 74. The total energy released in kinetic energy of theand + particles and corresponding neutrinos and in y emission from the excited daughter nuclei is determined by the energy differences indicated in Fig. 2 .
For our present purpose, the most interesting aspect of Fig. 2 is the situation occurring in the case of 76Ge. The A = 76 curve shows that the decay of 76Ge to 76As is not energetically possible because 76Ge is about 0.9 MeV more tightly bound than 76As. Since nuclei containing even numbers of neutrons and protons (even-even) are more tightly bound than odd-odd nuclei, the double curves for A = 74 and A = 76 result. Note that 76Se is more tightly bound (by about 2 MeV) than 76Ge. Therefore, a transition involving emission of two electrons by a 76Ge nucleus to form a 76Se nucleus is energetically possible.
While other considerations may make such a transition highly improbable, this energetically possible event, if observed, will provide a major breakthrough in understanding our universe. As is common in physics, observation of a very rare and improbable process may be a key to our understanding of nature. transitions respectively).
While observation of the first mechanism (I) is important, attention is focused primarily on the neutrinoless mechanism (II). Whereas mechanism I produces 2 electrons and 2 antiparticles (7e), mechanism II creates 2 electrons and no antiparticles, changing the lepton number by 2. Observation of neutrinoless Bs decay would be the first experimental observation of a nuclear process in which leptons are not conserved. Non-conservation of leptons is suspected as a result of Grand Unified Theories and its observation would be an important check of these theories.
Mechanism II involves theoretical concepts that are beyond the scope of this paper but the general nature of the theory can reasonably be discussed in terms of Fig. 4 The extremely small decay rates present grave difficulties in discriminating between real decays and background events. Two basic approaches have been adopted to overcome the problem. The first involves the use of very long accumulation times (a significant fraction of the age of the earth) and consists of detecting the daughter products of a a8 decay process accumulated in rocks over a very long time. The second method is to design highly selective spectroscopic counting systems in which individual decays can be detected. This paper will focus on the latter method but it is of interest to glance at results from the geochemical experiments.
A. Geochemical Measurements
For the geochemical method to be effective, the age of the ore must be well establ ished, a high content of the parent nuclide must be present, retention of the daughter product in the ore must be plausible and sensitive techniques such as mass spectrometry must be used to measure the isotopic ratios of parent and daughter. Furthermore, all potential sources of error, such as background or other potential means of production of the daughter (e.g., by solar neutrino absorption) must be carefully assessed. A Attempts have been made to establish unequivocally the existence of the neutrinoless decay mode using geochemical techniques. These attempts are based on comparison of the daughter products in the 130Te--.-130Xe and 128Te-l 2 8Xe decays whose transition energies are very different (2.54 MeV and 0.87 MeV, respectively). Since theory predicts a E5 dependence of decay rate for neutrinoless decay and an E1l dependence for the two-neutrino process, the 130Te -130Xe decay is dominated by the two-neutrino process, while the no-neutrino process is favored for the 128Te -128Xe decay.
The results of these experiments are inconclusive but, interestingly, the half life of the 128Te-o128Xe decay process has been established to be greater than 8 x 1024 years, a number that demonstrates how difficult direct counting experiments are.
B. Direct Decay Observations
Direct detection experiments are aimed at observing individual decays and characterizing electron energies and other relevant parameters to distinguish between neutrinoless aa decay events and background. These experiments are usually classified primarily in terms of the nuclei studied. Many experiments involve the use of separated or partially separated isotopes to increase the "activity" while minimizing internal absorption in the sample. In principle we could grow germanium crystals from separated 6Ge and then fabricate detectors from these enriched crystals but the cost of such detectors would be prohibitive.
(i) Non-76Ge Experiments: The detectors employed or planned in these experiments include spark chambers, cloud chambers, scintillators, time projection chambers and large area silicon detectors. Active background rejection shielding and/or passive lead or mercury shielding are used in most cases, and efforts are made to perform identification of the a-particles by energy measurement, by bending in a magnetic field and/or by tracking.
Present results using these methods have been negative (i.e., neutrinoless as decay was not observed at the detection limit) so only limiting values can be assigned to mN and r. An experiment by Moe and Lowenthal studying the decay 82Se-, 82 Kr + 2e-(3 MeV) in a cloud chamber surrounded by trigger and background rejection chambers observed the two-neutrino aa decay with a half life of approximately 1019 years. This is one to two orders of magnitude shorter than the geochemical result for the same decay process.
One of the intriguing experiments planned (IrvineMoe) uses a gas-filled time projection chamber (TPC) to observe the decay of 82Se while another group (Irvine-Chen) plans to construct a liquid Xe TPC to observe the decay of 136Xe. 136Xe is a very attractive parent nucleus for use in detector experiments.
(ii) Internal 76Ge Decay Detection in Ge Detectors: This approach is particularly attractive for several reasons. The 7bGe *76Se transition energy is reasonably high (2.041 MeV) so the half life may not be too long to measure. In the absence of righthanded chirality, the half life will be approximatel 1024 years for a neutrino mass of 1 eV and 1022 years for 10 eV. Furthermore, the abundance of 76Ge in natural germanium is moderately high (7.67%). As indicated earlier, 1024 years corresponds to 0.5 counts/year in 1 kg of natural germanium. While this rate is very low, the ability of germanium detectors to achieve an energy resolution close to 0.1 at 2 MeV is of great value in rejecting background.
These features led to germanium detector experiments by the Milano (Fiorini) years for the O+ to 2+ transition. Other groups at Caltech, Guelph-Aptec and elsewhere are presently performing similar experiments. The neutrino mass limit established by these half-life limits is < 10 eV which is substantially smaller than the Russian results using 3H 8 decay. As indicated earlier, questions regarding the validity of the Russian results together with the possibility that the neutrino may be a Dirac particle reduce the weight given to this discrepancy.
These experiments use about 125 cm3 germanium detectors (about 600 gm of germanium) and counting periods in the 100 to 200 day range. However, they differ in other details. The Milano group does not use an active background rejection shield; the Battelle-South Carolina group has used such a shield in some experiments and the Bordeaux-Zaragoza group has used such a shield both for background rejection and for detection of the 559 keV y rays emitted by deexcitation of the 76Se nuclei from their first excited state to their ground state.
The similarity among these "first generation" 76Ge experiments leads us to discuss only the Milano group system that has evolved over a period of about 12 years. This work is the foundation for the "second generation" experiments being prepared--one of which will be described in some detail in the next section. OFHC will be slightly more than 1022 years and the maximum mass of a Majorana neutrino can be established as slightly less than 10 eV. As the counting time Tc is increased, the background fluctuations increase as Tc1/2 while the decay events increase linearly. Therefore, the half life limit that can be set will increase as Tc1I2. 2 Because the half life is proportional to 1/mv the limit on mr will only decrease as Tc-1/4. In other words, increasing the counting time by a factor of 10 (to 10 years) will only set the mn limit at about 5 eV. 291 * Background in the 1.5 MeV region of the O+ to 2+ transition is roughly twice that at 2 MeV, so the limit on the half life for this transition is approximately two times shorter than for the 0+ to O+ transition.
These conclusions illustrate the extreme difficulties in placing a small limit on mv unless more decays can be observed and the background reduced.
In the second generation experiments to be discussed in the next section, detector systems with more than 10 times the amount of germanium used in the Milano group's experiment are planned. Clearly, much more emphasis must also be placed on reducing background.
V. Planned Second Generation 76Ge Experiments
A number of groups are planning substantially expanded 76Ge detector experiments. These include the Battelle-South Carolina, Bordeaux-Zaragoza, Milano, Caltech and Guelph-Aptec groups. Perhaps the most advanced of these new systems is being developed and fabricated in our laboratory at LBL in collaboration with a UC Santa Barbara group. The remainder of this paper will be devoted to a discussion of the design and physics considerations involved in this system and of some of the very special fabrication techniques being employed.
Fortunately, this class of particle physics experiments does not involve teams of 50+ people; nevertheless, our group is substantial in size and each person is bringing special talents into the project. The The first consideration in the design of the experiment must be the amount and distribution of germanium used in the detector systems. This must be conditioned by practical factors such as cost and availability of detectors, by detector system fabrication experience and by physical constraints involved in the background rejection system. A design (see Figs. 9, 10) was chosen that involves clustering eight germanium detectors each 5.5 cm diameter x 7 cm length (vol = 150 cm3) in a tightly packed volume roughly 6" x 6" x 9" in size. This volume is then surrounded by a 6" thick wall of NaI(Tl) scintillators consisting of 10 individual scintillators. Outside this scintillator shield, a 2" space exists that will be filled with additional low activity y-ray shielding material, neutron moderator/absorber material, or a combination of both; the final choice to be determined by initial tests on the assembly. Finally, a 6" thick low activity lead shield surrounds the whole assembly. The total weight of the assembly is in excess of seven tons and most of the scintillators weigh about 100 lbs each. A presently undefined plastic scintillator cosmic ray shield will surround the assembly in the initial experiments to be carried out soon in the low-background counting facility at LBL.
We anticipate operation in an underground facility sometime in 1985. The germanium detectors have been produced by Ortec and will be mounted at LBL in specially designed cryostats. We have chosen to mount two detectors in each of four cryostats. This was judged to be the optimum compromise in regard to ease of detector mounting, system reliability and performance. The cryostat and detector mounting arrangement is designed to minimize material (all specially selected for low background) that would reduce the transmission of y rays scattered from Ge detectors into the NaI shield. The smallest possible holes in the NaI shield must be employed for entry of the cold fingers and the germanium detectors must not be in the direct line of view through these holes.
Low activity materials have been selected for all components with particular emphasis on those in the counting chamber. The NaI scintillators are canned in OFHC copper with only a 0.25 mm wall thickness facing the counting chamber. We draw attention to the fact that canning the NaI crystals involves many items, each of which must be individually checked for activity (involving several days of counting of a large sample of each material in very low background scintillation and germanium detector systems). Materials checked in this way included the foam rubber normally used at one end of the crystal, the quartz windows used at the opposite end, the white reflector paper used to surround the crystal, the copper used to can the crystals and the epoxy adhesives employed.
The phototubes, light pipes, magnetic and light shields were also selected and tested before use. Fiberglass laminates and some electronic components used in the phototube base in the initial design were found to contain as much activity as the phototubes; although they are well removed and shielded, we intend to replace these parts later.
The electronics consist of power supplies, preamplifiers, amplifiers and digitizers and an interface to an HP9835 computer that will acquire all data, control the operation of the system and perform routine calibrations using sources introduced via a "rabbit" (nylon tube) into the center of the system. These calibrations, performed at regular intervals, will check all energy scales, thereby permitting correction of data for any small slow gain drifts. Any event that meets certain "trigger" requirements will be fully characterized in terms of detector signals, pulse shapes and time of occurrence and a record of the event will be written onto a Winchester disk. Histograms of certain types of events will also be accumulated on-line to permit immediate analysis and to provide a rather complete check on system operation. However, the main non-calibration data analysis will be performed off-line on a highly selected group of events characterized basically by the following criteria:
(i) A count occurs in a single germanium detector with no accompanying event in NaI or germanium detectors (0+ to 0+ candidate). This will not distinguish a O+ to O+ candidate from a O+ to 2+ candidate if the 559 keV y ray produced as the 76Se de-excites from the first excited state to the ground state is absorbed in the same germanium detector.
(ii) A count in a single germanium detector with an accompanying energy deposition of 559 keV in another detector (0+ to 2+ candidate).
The design of the system and the associated electronics is predicated on the assumption that the experiment may be required to run in an underground facility for a period of several years. Therefore, fully automatic operation with only occasional attention from experimental staff is considered essential.
B. Special Mechanical Design and Fabrication Features
An essential aspect of the design of this system is that Compton scattered or annihilation y rays 293 leaving a germanium detector have a very high probability of being detected in the NaI shield or in another germanium detector. If this is achieved, events due to the BB decay, which deposit energy in a small region (-1 mm) inside the detector, can be distinguished from high-energy y rays (> 2.041 MeV) that Compton scatter in the detector leaving the same amount of energy as the BB decay events. We also want to detect the escape of 559 keV y rays from the germanium detectors because these may be used as a label for O+ to 2+ BB decay events.
These requirements mean that the NaI shield should be thick enough to have virtually 100% efficiency for detection of Compton scattered y rays (or positron annihilation photons), that it should cover virtually the full volume containing the germanium detectors and that the absolute minimum amount of y-ray absorbing material should be used within that volume. These requirements are in addition to the need to keep radioactivity to a minimum. (ii) The vacuum cryostats for the germanium detectors were made in the form of flat boxes that project through slots in the Nal as shown in Figs. 9 and 10. This geometry minimizes penetration space through the NaI and passive shields and avoids any direct view of the detectors through the shield penetrations.
(iii) Apart from vacuum sealing surfaces (where the detector cap seals to the vacuum chamber in Figs. 11 and 12 ), very thin (.25 mm) electroplated copper is used for the vacuum box within the volume holding the germanium detectors.
Fabrication of these boxes is achieved by plating copper onto an aluminum mandril which has the vacuum sealing ring (l/4" OFHC copper) mounted on it. The plating makes an integral bond to this ring while forming a 1 mm thick plating on the aluminum mandril. Machined depressions in the mandril are used to give the copper skin several ribs that serve to strengthen the chamber. The flat copper faces that will be in the detector volume are machined down to .25 mm thickness leaving the strengthening ribs 1 mm thick. Finally, the aluminum mandril is etched away in a NaOH solution and a brief nickel plating is applied to the copper shell to prevent oxidation of the copper.
The same technique is used to fabricate the .25 mm thick copper vacuum cans (see Fig. 11 ) that enclose each germanium detector. An 0-ring seal is made between this can and the main vacuum chamber. We rely on the vacuum to hold the system together (i.e., no mounting screws or other hardware in the detector chambers).
(iv) Instead of a copper cold finger (an unacceptably thick absorber between the germanium detectors and the NaI shield), a slice of single crystal silicon is used as the cold finger. This material is an inefficient absorber of y rays, has a thermal conductivity at 77 K that is better than copper and is extremely strong. Its brittle nature means that great care must be exercised in handling it, but these problems are acceptable in this special situation.
(v)
Mounting the germanium detectors to the cold finger is accomplished as shown in Fig. 13 .
Dacron strings, suitably stressed, are used to fasten the germanium detector onto a silicon cylinder, a boron nitride insulator and thence to the cold finger. Difficulties in finding essentially duplicate the signals expected from BB decay; this may well be a major source of background in low background germanium detector systems. Since the vast majority of these electrons must enter through the cylindrical and closed end surfaces of the detectors (the open end is exposed only to silicon in our system and this should be extremely clean) they pass through the thick lithium-diffused n contact (the detectors are made of p-type germanium). Ionization produced in the lithium-diffused regions is collected by diffusion so all signals due to these B particles should be accompanied by a substantial slow component. We have demonstrated that, in fact, this occurs and a slow component reject circuit is included in our system to reject these events.
A second type of electronic pulse shape rejection will also be employed. Appendix B discusses the details of y-ray absorption in the germanium detectors and the calculated pulse shapes (i.e., shape of the current pulse in the detector) produced by these events. This appendix also discusses the signals that will be produced by single-point events characteristic of BB decay (electron ranges -1 mm or less). These calculations indicate that recognition of single point events can remove a significant fraction of the y-ray background in the energy range of interest. To accomplish this, flash digitizers will be used in each germanium detector channel to digitize the detector signals every 20 ns during the charge collection process. As indicated in the analysis of Appendix B, the signal/ noise achieved in this system is adequate to permit rejection of any event containing two or more "prongs" when the main absorption constitutes less than 80% of the energy and when the remaining > 20% is deposited at a radius more than 3 mm away from the main interaction. This A special technique will also be employed to assist in recognizing the majority of the cosmic-ray generated neutrons that have been produced in and are later captured by the experimental assembly. The incident cosmic-ray particles, muons in this case, will generally be detected by one of the plastic scintillators that surround the assembly. When this detector array fails to report a coincident event in at least one of the other plastic scintillators, we must assume the muon has been captured within the assembly, releasing neutrons in a capture reaction. These neutrons may slow down and in turn be captured within the apparatus, thereby producing a sequence of (n, y) events that extend over a period of many ms.
To recognize such sequences, an interval timer is used to measure the time (to 10 us resolution) since the most recent "muon capture" event. This information is included in each event record and can be studied when final data analysis occurs.
A very important aspect of this class of experiment should be recognized at the outset. At the most, only a few events of the desired type will be recorded over a period of years. Consequently, a very complete record of each event of interest must be kept for analysis not only by our group but by a whole world of disbelievers. The design of the data acquisition and recording system is intended to satisfy this requirement so that expected questions can be answered when results (positive or negative) are presented. We are, therefore, left with background mainly due to high-energy y rays entering the detector and interacting by either Compton scattering or pair production (or a combination), leaving a portion of their energy in the detector such that the signal amplitude mimics the events of interest to us. Focusing for the moment on the 2.041 MeV case, the interfering incident y rays must exceed this energy; the excess energy will leave the germanium detector and, hopefully, be detected by either the Nal shield or another germanium detector. Despite the small amount of other material we have in our counting chamber, a finite though extremely small probability exists for the escape photon to be absorbed in this dead material and not reach the active reject detectors. (Note: the 0.8 mm thick lithium-diffused outer germanium detector contact is the largest absorber present in our system, but slow signal components from this material should provide a reject mechanism for events whose energy is deposited in these regions).
From these arguments it is clear that the y rays with energy greater than 2.041 MeV produced by natural radioactive nuclides are the most serious candidates to produce background that will interfere with the 2.041 MeV decay events. The presence of airborne 222Rn (parent of potentially interfering high-energy radiation from the U-chain) may require the entire apparatus to be operated in a gas-tight enclosure filled with Rn-free gas. This problem would be expected to be most severe at an underground laboratory suggesting that selection of such an experimental site must include the parameter of low radioactivity in the surrounding rock formati on.
The situation becomes more complicated if we consider potential interference with the 1.482 MeV peak. Additional y rays must be considered but the same general arguments apply and we will not consider the situation in detail.
Cosmic-Ray Induced Activities
Cosmic rays passing through materials in the detector assembly (particularly the lead shield) cause y-ray background by several mechanisms, the most troublesome of which is the production of fast neutrons that subsequently are moderated and captured by materials close to (or inside) the detector. Neutron capture in most materials produces nuclei with large (up to -10 MeV) excitation; deexcitation of these nuclei results in many "prompt" high energy y rays.
Thermalizing the neutrons may take some time (up to -100 ms), so the y rays resulting from passage of a cosmic ray may be delayed by a substantial time--too long to be vetoed by a prompt reject gate of any reasonable length. Relatively long-lived radioactive nuclei (a-emitters) may be produced and they will constitute a further background source. Fortunately, such long-lived isotopes generally produce relatively low-energy radiation. It is also fortunate that the high excitation energy produced by neutron capture will usually result in "prompt" cascades of y rays so the rejection mechanism again becomes more effective since rejection can be accomplished by detecting any y ray in the cascade. To guard against cosmic rays, we will use reject detectors to tag events that immediately follow passage of a cosmic ray; the use of a timer recording the interval between recorded events will also permit later examination of the time relationship between events, over the range 10 us to 100 ms. Table 3 shows the important y rays expected to be produced by neutron capture in most of the elements present in the detector assembly including germanium, silicon, boron nitride (small quantity), sodium iodide, copper, lead and various plastics (H,C,N,0). We see that many high-energy y rays are produced; the "above ground" background (1) shown in Fig. 7 probably results from stacking of Compton distributions produced in the germanium detector by these various y rays.
The rejection mechanisms employed in our system are expected to drastically reduce the background due to these sources. However, we also expect to move the system to an underground laboratory to reduce cosmic rays by a large factor after initial tests in our LBL low background facility.
A particularly difficult background problem may be caused by neutron capture in 76Ge to produce 77Ge and 77mGe. 77Ge decays by a emission (highest end point energy = 2.2 MeV, half life = 11 hrs), but the -emission is accompanied by emission of y rays up to about 250 keV. Therefore, rejection of many of the 77Ge decay signals can probably be accomplished. 77mGe is a more difficult case. It decays largely by -emission (end point -2.9 MeV) with a 54 sec half life to the ground state of 77As.
Consequently, no accompanying y rays occur and our rejection methods fail. Fortunately, the cross-section for neutron capture in 76Ge is very low; we estimate that only 0.15% of all neutron capture events in natural germanium produce 77mGe nuclei that decay with pure a-emission. Despite this low probability, this background source is a clear reason for working in an underground laboratory where cosmic rays are largely eliminated.
Appendix B: Detector Pulse Shape Discrimination
We plan to use a simple slow component reject technique to eliminate events producing ionization in the 0.5-0.8 mm thick lithium-diffused n+ contact surrounding most of the outer surfaces of the germanium detectors.
A more sophisticated fast pulse shape discrimination system will be used to select events where all the energy deposition occurs in a small region (-1 mm space) as compared with events where energy deposition is distributed. This technique will be implemented by digitizing the "current signal" from the detector every 20 ns. Differentiation of the integrated charge signals appearing at the output of the germanium detector preampl if iers provides the current signal. For our detectors, the charge collection takes up to about 400 ns, so 20 samples are stored with other data on relevant signals. The shape of the "current signal" depends on the radial distribution of the initial charge deposition by a y ray; therefore, ideally, we are able to distinguish those y-ray events where interactions occur at multiple points from the a decay events where the total energy deposition occurs in a small volume (-1 mm in size).
While this basic shape discrimination principle is easy to understand qualitatively, it is very difficult to determine the quantitative reduction of y-ray background that will result from its use. To make an estimate of this we have generated a set of computer simulations of various aspects of the process. The steps taken are as follows:
(i) We have developed a Monte Carlo simulation of y rays of various energies entering the face of our coaxial detectors at random radii in an axial direction. This indicates that a > 50% reduction in background (for the 2.041 MeV region) can be achieved if we assume that the shape discrimination method can recognize events where more than 20% of the energy is deposited at a radius 3 (or more) mm from the main absorption. The axial orientation of y rays is a worst case situation and some further background reduction can be expected for the random orientations that will be characteristic of the background y rays in our system. The spectrum produced by the 208T1 2.6 MeV y ray is shown in Fig. 14. This is a calculated spectrum; the experimentally measured spectrum closely agrees with this, giving us confidence in the Monte Carlo calculations.
(ii) The electric field distribution in the coaxial region of one of our detectors is shown in Fig. 15 . 109/cm3. This is typical of the longitudinal variation in our detectors.
The various curves correspond to the impurity concentrations that exist along the length of one of our detectors. The signal shape produced by events occurring at a fixed radius would be expected to be almost independent of the impurity concentration if the electric field exceeds 1000 V/cm at all points.
(iii) From the electric field distribution and the relationship between hole and electron mobilities as a function of electric field, we can calculate the pulse shape to be expected for events occurring at different radii. Figure 16 shows representative single point absorption examples, and the (small) effects due to variable impurity concentrations along the length of the detector are also illustrated. Note that these shapes show the integrated charge; the sampled differential of these shapes will be stored in our system. Also illustrated is an event where the energy deposition is 80% at a radius of 18 mm and 20% at a radius of 15 mm. Figure 17 shows a complete set of pulse shapes for events located at 4 mm radial intervals. (iv) A matching program has been developed that provides an automatic way of filtering multi-pronged events from single point events. Figure 18 (a) shows the result when the event leaves its energy deposition at one radius (18 mm) . The curve of I (deviation)2 is relatively flat but with a very sharp dip at the radius where the test event exactly matches one of the map event radii. In Fig. 18(b) The final result shown in Fig. 18(d) shows the effect of trying to match a 2-pronged test event where the charge distribution is 80% at 18 mm radius and 20% at 15 mm radius. This curve clearly shows asymmetry and the dip at 18 mm is not as pronounced as in Fig. 18(c) . Therefore, with the realistic assumptions of the model, it is clear that a rela-
